In a sodium-cooled fast reactor (SFR), liquid sodium is used as a heat transfer fluid because of its excellent heat transport capability. On the other hand, it has strong chemical reactivity with water vapor. One of the design basis accidents of the SFR is the water leakage into the liquid sodium flow by a breach of heat transfer tubes. This process ends up damages on the heat transport equipment in the SFR. Therefore, the study on sodium-water chemical reactions is of paramount importance for security reasons. This study aims to clarify the sodium-water reaction mechanisms using an elementary reaction analysis. A quasi one-dimensional flame model is applied to a sodium-water counter-flow reaction field. The analysis contains 25 elementary reactions, which consist of 17 H 2 -O 2 and 8 Na-H 2 O reactions. Temperature and species concentrations in the counter-flow reaction field were measured using laser diagnostics such as LIF and CARS. The main reaction in the experimental conditions is Na+H 2 O → NaOH+H and OH is produced by H 2 O+H → H 2 +OH. It is demonstrated that the reaction model in this study well explains the structure of the sodium-water counter-flow diffusion flame.
Introduction
Sodium-water reaction (SWR) is a design basis accident of a sodium-cooled fast reactor (SFR). In an SFR, liquid sodium is used as a coolant because of its excellent heat transport capability. On the other hand, it has strong chemical reactivity with water vapor. One of the design basis accidents of the SFR is the water leakage into the liquid sodium flow by a breach of heat transfer tubes in a steam generator (SG). The process of water leakage into the liquid sodium flow by a breach of heat transfer tubes is shown in Fig. 1 . It causes damages on the heat transport equipment in the SFR. This process is escalated into a chain reaction by the sodium and water vapor chemical reaction and it is of importance from the safety viewpoint. One of the technical difficulties in developing the evaluation technique of this process has been clarified by sodium-water chemical reactions. In previous work, the sodium and water reaction has been analyzed experimentally (Tanabe et al., 1990 , Yamaguchi, et al., 2010 and theoretically (Morii, et al., 1996 , Takata, et al., 2009 and Yamaguchi, et al., 2010 . In these studies the sodium-water chemical reaction was treated as a single step reaction. The temperature and temperature distribution were estimated based on experiments and CFDs. However the clarification of detailed chemical reaction of sodium and water is necessary to understand the phenomena of SWR as suggested by hydrocarbon reactions in combustions of engines and burners. In these studies elemental reaction analyses (Pitz, et al., 1985 , Frenklacha, 2002 and Westbrook, et al., 2009 and advanced measurement techniques using laser diagnostics (Deguchi, 2011) such as laser induced fluorescence (LIF), coherent anti-Stokes Raman spectroscopy (CARS) and tunable diode laser absorption spectroscopy (TDLAS) have been employed to clarify the combustion Experimental and numerical reaction analysis on sodium-water chemical reaction field
phenomena. This study aims to identify the dominant gas phase reaction on sodium-water reaction using an elementary reaction analysis. The gas phase reaction phenomena in the process of water leakage into the liquid sodium flow were analyzed using a sodium-water counter-flow diffusion reaction chamber to identify the dominant gas phase reaction path. The analysis contains 25 elementary reactions, which consist of 17 H 2 -O 2 and 8 Na-H 2 O reactions. A sodium-water counter-flow diffusion flame (Yamaguchi, et al., 2010 ) is used to delineate the sodium-water reaction mechanism in the accident of SFR. A quasi one-dimensional flame model is employed to simulate the sodium-water reaction field. The experimental and numerical simulation results are compared with each other and the identification of the major pathways in sodium-water elementary reactions is demonstrated to explain the structure of the sodium-water reaction.
Experiment
In this study, experimental data measured in the sodium-water counter-flow diffusion flame are used to analyze sodium-water reactions. The flame is formed one-dimensionally above a sodium pool by the reaction between the evaporated sodium and water vapor. Fig. 2 shows an overview of the experimental apparatus. The apparatus was designed to extract the gas phase reaction phenomena from the process of water leakage into the liquid sodium flow. The reaction chamber has 4 windows for temperature and species concentration measurements using laser diagnostics. Experimental conditions are shown in Table 1 . Temperatures shown in Table 1 were measured using chromel-alumel thermocouples and pressure was monitored by a pressure gauge attached at the reaction chamber. 2% water vapor in Ar is introduced to a liquid sodium pool (temperature: 820K) under the reduced pressure condition. Ar guard flows are employed to stabilize the flame. These flow rates were controlled by mass flow meters. The sodium-water counter-flow diffusion flame is formed one-dimensionally above the sodium pool by the reaction between evaporated sodium and water vapor. In this condition temperature measured at r=0mm and Z=15mm by a chromel-alumel thermocouple was 689K and the Na emissions (589.0nm and 589.6nm) were appeared at Z=10.5mm. The reaction continues over 10 minutes without any changes in terms of flame shape and position. Temperature and species concentrations are measured as a function of Z (the distance from the sodium pool surface) along the center of the sodium pool, i.e. r=0mm. Measurement items and methods are shown in Table 2 and experimental setups are shown in Fig. 3 . Temperature and concentrations of water vapor, sodium and hydrogen molecule were measured using CARS. LIF was employed to detect OH and Mie scattering was used for particles. A Nd:YAG laser pumped dye laser (Spectra physics, PDL-3, 400mJ/p at 532nm, 50-60mJ/p at 660-690nm, 10mJ/p at 282nm) and an ICCD camera (LA-Vision, Flame star III) were employed and operated at 10Hz for these laser diagnostics. As for CARS measurements, a BOX CARS configuration (Deguchi, 2011) was employed using 532nm as a pump beam. Broadband dye laser outputs were used for probe beams for measurement of H 2 O. A non-resonant CARS signal was also used for the evaluation of sodium, which has a strong non-resonant signal compared to Ar and water. OH was excited using the Q 1 (5) excitation line of the A 2  + -X 2  (1,0) band located at 282.75nm and emissions from (1,1) and (0,0) bands around 305-320nm were detected using ICCD camera. 
Numerical simulation
Quasi one-dimensional reaction assumption can be applied to the sodium-water counter-flow diffusion flame shown in Fig. 2 . In this condition the equations at the center axis of the reaction field, i.e. r=0mm, are established as follows.
where m is the mass flow rate, Y i is the mass fraction of species i, Z is the distance from the liquid sodium surface, M i is the molecular mass of species i, R i is the reaction rate, A is the area factor, J i is the diffusion flux, h is the enthalpy, λ is the thermal conductivity and T is the temperature. The diffusion flux J i is determined based on the binary diffusion coefficient D ij between species i and j as shown below (Kendall et al., 1978) .
where K is the constant, F i is the constant depending on species i, and P is the pressure. In the sodium-water counter-flow diffusion reaction field, the radial flow appears in the reaction field and the effects of the radial flow have to be included in the quasi one-dimensional in the sodium-water counter-flow diffusion flame reaction analysis. In this study, radial and axial velocities at r=0mm are determined by the two-dimensional flow analysis (Yamaguchi, et al., 2010) using the overall reaction: Na+H 2 O→NaOH+½H 2 . The results are shown in Fig. 4 and these velocities are used as inputs of equations (1) and (2). The flow on the surface of sodium pool and the wall around it were in a quiescent and the wall was assumed to be adiabatic. Equations (1) and (2) (1) and (2), and the chemical reactions were solved implicitly (Lomax, et al., 1967) .The reason for using this quasi one-dimensional calculation was to save computational time for the analyses. Calculations using elemental reactions consume longer computational time compared to the overall reaction calculation. In this study, 2% H 2 O was employed for the sodium and water reaction and the rise of temperature in this condition was calculated to be a few K. In this temperature range the effect of temperature difference between a single-step reaction and elemental reactions to the flow field was negligible. The gas phase sodium on the surface of the sodium pool was assumed to be saturated at the sodium pool temperature and its concentration at Z=0mm was calculated using saturated sodium vapor pressure. Other effects such as the behavior of particulates observed in the experiment were not included in the numerical simulation analysis. Table 3 shows the elementary reaction model used in this study. The analysis contains 25 elementary reactions, which consist of 17 H 2 -O 2 (Pitz, W. J, et al, 1985) and 8 Na-H 2 O reactions. Sodium -water reactions are chosen based on the individual elementary reaction in literatures (Plane and Husain, 1986 , Mayer and Schieler, 1966 , Vinckier, et al., 1991 , Jensen and Jones, 1982 , Patrick and Golden, 1984 , Cox and Plane, 1999 , Mayer, et al. and 1967 , DeMore, et al., 1997 .
The reaction rate R i of species i is represented by the following equation.
where  ij ' and  ij " are the reactant and product stoichiometric constants, respectively. r j is the reaction rate for reaction j and it can be determined by the flowing equation. 
where k j is the rate constant of reaction j, C i is the molar concentration of species i, K j is the reaction j equilibrium constant, C M is the third body molar concentration, f ij is the third body rate enhancement factor for species i in reaction j,  Mj is 1 or 0 with or without a third body. JANAF thermochemical tables (Stull and Prophet, 1971 ) are employed to calculate thermochemical data of each species using a polynomial approximation. Since the phase of sodium hydroxide (NaOH) is dependent on temperature, the fraction of gas and liquid phase NaOH is determined by its thermochemical data (Stull and Prophet, 1971) . It is assumed that liquid phase sodium hydroxide does not contribute to the elementary reactions listed in Table 3 . Na 2 O as a reaction product is also possible in sodium-water reactions, however it has been pointed out that a Na 2 O reaction rate is much smaller than that of NaOH, i.e. the ratio is 10 -10 at 773K and 10 -3 at 1773K (Takata, et al., 2009) . Therefore, direct production of Na 2 O by Na-H 2 O reactions is unlikely to occur in the gas-phase.
In Na-H 2 O elementary reactions shown in Table 3 , the temperature conditions in some reactions do not cover the experimental conditions. Therefore it is necessary to optimize the rate constants of these elementary reactions. In this study, the rate constant of reaction 21: Na+H 2 O→NaOH+H has been adjusted based on the experimental results because this reaction is the key reaction of sodium and water vapor reactions and the temperature range of original kinetic data (frequency factor = 2.45x10 20 and activation energy = -182 in m 3 -mol-sec-kJ unit, forward reaction rate) is 1800-2200K (Jensen and Jones, 1982) . Using the revised kinetic data (frequency factor=7.3x10 16 and activation energy = 0 in m 3 -mol-sec-kJ unit, forward reaction rate), the elementary reaction model has been constructed to ensure consistency with experimental results.
Experimental and numerical simulation results

Experimental results
Temperature distribution of input gas flows measured at Z=19mm is shown in Fig. 5 . The input gas flows show the gradual temperature decreased with the increasing distance of r and the temperature within r=±15mm was 680-700K. The temperature was lower than the setting value shown in Table 1 because of the heat releasing to the chamber wall. Accuracy evaluation results of temperature and concentration measurements by CARS are shown in Fig. 6 . These results were detected without sodium in the chamber. H 2 and H 2 O concentrations were controlled by flow meters of the reaction chamber and the temperature by heaters. The measured results show good agreement with the setting value and the R 2 values of H 2 , H 2 O and temperature were 0.9994, 0.9991 and 0.9957, respectively. Temperature and species concentrations measured in the sodium-water counter-flow diffusion reaction field are shown in Fig. 7 . Temperature and concentrations of water vapor, sodium and hydrogen molecule were measured as a function of the distance from the sodium pool surface. Sodium is diffused up to Z=10mm and reacts with water vapor. The sodium luminescence (589nm) appears at Z=10.5mm by the reaction of sodium and water vapor. Particles mainly consisted of NaOH exist at the sodium side compared to the sodium luminescence and OH at the water vapor side. Hydrogen molecule appears broadly because of the fast diffusion rate compared with other species. Fig. 8 shows the comparison between the numerical simulation and experimental results. In a series of analyses, the reaction rate of the reaction 21: Na+H 2 O→NaOH+H was set to be 7.2 ×10 3 (m 3 /mol/s) at 700K. In this condition, the sodium-water reaction proceeds mainly by the reaction 21: Na+H 2 O→ NaOH+H. This reaction occurs in the overlap region of sodium and water vapor, and the products are transferred toward the sodium pool because of the downward flow in the reaction field. In this experimental temperature condition, NaOH exists in the liquid phase and forms fine particles (mists). This result coincides qualitatively with the experimental result, which shows the particle distribution at Z=6-7mm. Based on the numerical simulation analysis and experimental results, the reaction has progressed in a region of the sodium pool side compared with the sodium luminescence. The main product is NaOH from the reaction 21: Na+H 2 O→NaOH+H. OH is mainly produced by the reaction 4: H 2 O+H→H 2 +OH using H from the reaction 21. OH is mostly consumed by the reaction 22: OH+ Na→NaOH because of its fast reaction rate. OH which diffuses upward is not consumed by the reaction 22 and OH appears at the water vapor side compared to the reaction region. This behavior is consistent with the measurement results, which shows the OH distribution at the water vapor side compared to the sodium luminescence. On the other hand, the peak of particles at Z=10mm does not appear in the numerical simulation analysis. There is also a difference between the numerical simulation and experimental water vapor distributions as shown in Fig. 8 . In numerical simulation analysis water vapor exists at Z=5-10mm, where water vapor was not measured in the experiment. The cause of these discrepancies is considered to be velocity distribution inconsistencies in experiment and numerical simulation, hydration of NaOH and so on. Hydration of NaOH, which means that water vapor is cohered with NaOH, occurs at the overlapping area of NaOH and water vapor. This region coincides with the area where the discrepancies between experiment and numerical simulation appear. The water vapor in hydrated NaOH cannot be measured by CARS and the scattering coefficient of hydrated NaOH possibly differs from normal-NaOH particles. Fig. 9 shows the numerical simulation result in a quasi-one-dimensional reaction field with uniform temperature of 1100K. Boundary conditions other than the temperature were assumed to be the same as those in Fig. 4 . As temperature increases, the backward reaction rate of 21 : Na + H 2 O ← NaOH + H rapidly increases and the forward and backward reaction rates of 21 tend to balance with each other. Therefore, it is predicted that the reaction between sodium and water vapor is inhibited and the part of water vapor reaches to the surface of sodium pool (Z = 0mm). The main product is also NaOH at this temperature range. It is worth mentioning that the OH radical concentration increases at evaluated temperature and NaOH is also produced by the reaction 22: OH+Na→NaOH together with the reaction 21: Na+ H 2 O→NaOH+H. 
Numerical simulation results
Conclusions
The elementary reaction model of sodium-water reaction has been constructed to identify the major pathways in sodium-water reaction phenomena. Temperature and species concentrations were measured in the sodium-water counter-flow diffusion reaction field using CARS, LIF and Mie scattering methods. These measurement results were compared to the sodium-water reaction model developed in this study to determine the dominant gas phase sodium-water reaction paths. The sodium-water reaction proceeds mainly by the reaction Na+H 2 O→ NaOH+H. The main product is NaOH from this reaction and it forms fine particles. OH is mainly produced by the reaction H 2 O+H→H 2 +OH. It is mostly consumed by the reaction OH+Na→NaOH and OH diffused into the water vapor side forms the OH distribution, which agrees with the experimental results. As temperature increases, the reaction Na+H 2 O→NaOH+H tends to reach a state of equilibrium. Accordingly NaOH is also produced by the reaction OH+Na→NaOH together with the reaction Na+ H 2 O→NaOH+H.
